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ABSTRACT: Precipitation is one of the most difficult variables to estimate using large-scale predictors. Over South
America (SA), this task is even more challenging, given the complex topography of the Andes. Empirical-statistical
downscaling (ESD) models can be used for this purpose, but such models, applicable for all of SA, have not yet been
developed. To address this issue, we construct an ESD model using multiple-linear-regression techniques for the period
1982-2016 that is based on large-scale circulation indices representing tropical Pacific Ocean, Atlantic Ocean, and South
American climate variability, to estimate austral summer [December—February (DJF)] precipitation over SA. Statistical
analyses show that the ESD model can reproduce observed precipitation anomalies over the tropical Andes (Ecuador,
Colombia, Peru, and Bolivia), the eastern equatorial Amazon basin, and the central part of the western Argentinian Andes.
On a smaller scale, the ESD model also shows good results over the Western Cordillera of the Peruvian Andes. The
ESD model reproduces anomalously dry conditions over the eastern equatorial Amazon and the wet conditions over
southeastern South America (SESA) during the three extreme El Nifios: 1982/83, 1997/98, and 2015/16. However, it
overestimates the observed intensities over SESA. For the central Peruvian Andes as a case study, results further show
that the ESD model can correctly reproduce DJF precipitation anomalies over the entire Mantaro basin during the three
extreme El Nifo episodes. Moreover, multiple experiments with varying predictor combinations of the ESD model cor-
roborate the hypothesis that the interaction between the South Atlantic convergence zone and the equatorial Atlantic
Ocean provoked the Amazon drought in 2015/16.

KEYWORDS: Atlantic Ocean; Intertropical convergence zone; South America; South Atlantic convergence zone; Tropics;
ENSO; Teleconnections; Precipitation; Summer/warm season

1. Introduction disasters, but their intensities were weaker than during El Nifios
1982/83 and 1997/98 because the warm SST anomalies were
restricted to the central equatorial Pacific Ocean (L'Heureux
et al. 2016). SENAMHI (2019) documented that the drought
covered around 25% of the area in 4 of 24 Departments of Peru
(Apurimac, Cusco, Huancavelica, and Puno). Economically,
the Peruvian Council of Risk Management for the phenome-
non El Nifio requested disbursement of around $206 million
(U.S. dollars) to address the impacts of the El Nifio 2015/16.
One of the main goals of this study is to provide a
framework that would allow for a better estimation and
prediction of precipitation in South America and in partic-
ular over Peru, with a special emphasis on one of Peru’s key
agricultural areas that is significantly affected by extreme
weather, the Mantaro basin (MB). This basin is located
within the central Andes of Peru (10°34'-13°35'S, 73°55'-
76°40'W) (Fig. 1) and covers approximately 34 550 km?, over
an elevation range from 500 to 5350 m MSL. The wet period
in the MB occurs between September and April of the fol-
lowing year, with the maximum precipitation falling during
austral summer [December-February (DJF)]. The DIJF
precipitation is associated with an enhanced upper-level
easterly flow over the MB. In contrast, the dry season in
the MB occurs during episodes of anomalous upper-level
westerly flow over the central Andes of Peru (Instituto
Geofisico del Peru 2005). Years with below-average DJF
Corresponding author: Juan Sulca, sulcaf5@gmail.com precipitation can lead to negative impacts in the MB, related

The three extreme episodes of El Nifio in 1982/83, 1997/98
and 2015/16 caused different types of impacts in South America,
such as drought over the equatorial Amazon basin (Jiménez-
Muiioz et al. 2016) and floods over southeastern South America
(Emerton et al. 2017). In Peru, the extreme El Nifios of 1982/83
and 1997/98 led to significant losses to the Peruvian economy as
a consequence of floods and droughts [as documented by the
Peruvian National Service of Meteorology and Hydrology
(SENAMHI) and others; SENAMHI 2014; Huggel et al. 2015;
Rodriguez-Morata et al. 2018] and El Nifio of 2015/16 caused
relatively minor impacts (French and Mechler 2017). SENAMHI
(2014) documented that El Nifio 1982/83 caused precipitation
totals near 3000 mm from September to May on the northern
coast of Peru (around 2000% of their climatological mean),
while a severe deficit of precipitation characterized the southern
Andes. During El Nifio 1997/98, the northern coast of Peru again
recorded precipitation totals near 3000 mm from September to
May, with maximum precipitation in Piura and Tumbes, while
the southern Andes registered a deficit of precipitation but
weaker than during El Nifio 1982/83. According to Vargas
(2009), Peru registered economic losses around $3283 million
and $3500 million (U.S. dollars) during El Nifios of 1982/83
and 1997/98, respectively. El Nifio 2015/16 caused several
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FIG. 1. Location of the Mantaro basin. The black line represents the boundary of MB. Gray
shading represents the elevation (m MSL).

to several socioeconomic activities, such as agriculture, energy
generation, and potable water supply.

Rainfall is the most difficult climatological variable to pre-
dict in the MB. One of the reasons for this difficulty is the
considerable uncertainty introduced by the poor spatial reso-
lution and short observational record of most datasets. For
future scenarios, global climate models may hold some promise
to give exciting perspectives for future rainfall projections;
however, their coarse spatial resolution is inadequate for most
local- to regional-scale applications, such as driving hydrolog-
ical models. An alternative to solve this problem is develop-
ment of empirical-statistical downscaling (ESD) techniques.

ESD techniques take advantage of existing relationships
between large-scale fields (e.g., predictors) and local-scale
surface variables (e.g., predictands) for the development of
models that will be used for estimating the observed surface
variables (Benestad et al. 2008). One advantage of ESD is that
it can resolve finer spatial scales than dynamical methods and
can be applied to parameters that cannot be directly obtained
from regional climate models. The second advantage of ESD is
its much higher computational efficiency than the dynamical
downscaling, and thus it represents a low-cost method. However,
one disadvantage of the ESD method is the requirement for long
records of observational data to allow the model to be well
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trained and validated. Other problems of the ESD methods are
that they tend to underestimate the magnitude of extreme
events and that they assume that the currently observed rela-
tionship between local variables and large-scale fields remains
constant under future scenarios, despite changing boundary
conditions.

The seasonal prediction of DJF precipitation over the
Peruvian Andes through empirical-statistical downscaling
techniques has received relatively little attention (Yarleque
et al. 2016; Wu et al. 2018). Wu et al. (2018) found that the
Nifio-3.4 index is not sufficient to predict precipitation over
the southwestern Peruvian Andes, even though the Nifio-3.4
index has a high correlation with precipitation in this region.
Yarleque et al. (2016) developed a wavelet downscaling
approach for the reconstruction of precipitation over the
southeastern Peruvian Andes on decadal (10 calendar days)
time scales, through the combination of data from in situ
weather stations and normalized difference vegetation in-
dex data. However, none of these ESD models have con-
sidered as predictors Pacific Ocean SST, Atlantic Ocean
SST, the Pacific convective regions [e.g., South Pacific con-
vergence zone (SPCZ) and the intertropical convergence
zone (ITCZ)], and the South Atlantic convergence zone
(SACZ). All these large-scale climate features exert a
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FIG. 2. Climatology of (a) 850-hPa wind (ms™!) and precipitation (mm day ') and (b) 200-hPa wind (ms™%;

streamlines), during austral summer (DJF). The labeled features are defined in the text. GPCP precipitation and
ERA-Interim reanalysis were used. Brown shading represents precipitation. The black contour in (a) represents the
climatological isoline of 4 mm day~'. Dark shading in (b) shows the location of the Andes. The analysis is based on

1980-2016.

strong influence on austral summer precipitation over South
America (SA) and the Peruvian Andes region (see next
section).

The main goal of this study is to develop an ESD model ca-
pable of predicting the spatial rainfall distribution in the central
Peruvian Andes during austral summer. The main expectation
of our research is that the results will contribute to the devel-
opment of mitigation measures for extreme hydroclimatic
events, including El Nifio. For example, accurately predicting
DJF precipitation anomalies over the central Peruvian Andes
will help to mitigate any future negative impacts on local agri-
culture. Our current research is directed toward the develop-
ment of statistical linkages between large-scale climate and
regional rainfall that can be applied with output from seasonal
climate forecast models.

In the following section, we discuss how our work builds on
previous studies. Section 3 describes the data used. In section 4,
we develop the design of the ESD model. Section 5 presents
the results of the relationship between the estimated DJF
precipitation anomalies and the chosen predictors for the
1982-2016 period as well as extreme El Nifio episodes. The
last section offers some concluding remarks.

2. Background

The South American monsoon system (SAMS) is one of the
major monsoon systems in the Southern Hemisphere (Zhou and
Lau 1998). It shows a distinct seasonal cycle with an onset during
October, a mature phase between December and February, and
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demise in April (e.g., Marengo et al. 2001; Raia and Cavalcanti
2008; Garreaud et al. 2009; Marengo et al. 2012). During austral
summer (DJF), the maximum precipitation falls over the south-
central Amazon (Fig. 2a). In the upper troposphere (200 hPa),
the Bolivian high and Nordeste low (BH-NL) system is the main
feature over South America (Chen et al. 1999) (Fig. 2b). Silva
Dias et al. (1983) show that latent heat, released during con-
vection over the Amazon basin, determines the fundamental
structure of the BH-NL system. Moreover, Lenters and Cook
(1997) show that rainfall in the central Andes aids in further
strengthening and displacing the BH southward. The BH-NL
system disappears during the austral winter, once the upper-
level westerly zonal flow is established over South America.

Precipitation over the South American continent is also
characterized by a southeastward band of convective activity
between the Amazon basin and the western South Atlantic
(20°—40°S, 50°-20°W). This band is known as the SACZ. The
SACZ is present all year; however, its maximum intensity oc-
curs during the austral summer (Liebmann et al. 1999; Kodama
1992; Robertson and Mechoso 2000; Barreiro et al. 2002). The
SACZ also modulates the intensity and forms the basic shape
of the BH-NL system through the release of condensational
heat to the upper troposphere. However, no studies exist
documenting the direct influence of the SACZ on DJF pre-
cipitation in the MB. The propagation of midlatitude Rossby
wave trains also modulates the SACZ on interannual time
scales (Ma et al. 2011).

Another climatological feature related to the mature phase
of the SAMS is the South American low-level jet (SALLIJ;
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TABLE 1. Indices of Pacific and Atlantic SST and tropical convective regions (SPCZ and ITCZ) used in this study.

Atmospheric teleconnection

No. Label Variable Reduces precipitation over. .. Favors precipitation over. ..

1 E Index of eastern Pacific SSTA Eastern equatorial Amazon, Peruvian Coasts of central and northern Peru;
(Takahashi et al. 2011; http:// Altiplano and northwestern Bolivia entire coast of Ecuador; northeastern
www.met.igp.gob.pe/datos/EC.txt) (Sulca et al. 2018) Peruvian Amazon; SESA

(southernmost Brazil, northern

Uruguay, eastern Paraguay, and
northeastern Argentina) (Sulca

et al. 2018)

2 C Index of central Pacific SSTA Central and eastern equatorial SESA, but more restricted over
(Takahashi et al. 2011; http:/ Amazon; tropical Andes (Colombia, = Uruguay and northeastern Argentina
www.met.igp.gob.pe/datos/EC.txt) Ecuador, Peru, Bolivia, and northern  than in E (Sulca et al. 2018)

Chile) (Sulca et al. 2018)

3 latE Index of latitudinal SPCZ displacement Northwestern and easternmost Northern coast of Peru; southern coast

(Vincent et al. 2011) equatorial Amazon basin; southern of Ecuador; central Brazil; Uruguay,
Venezuela; southwestern Brazil,; Argentina, and central and northern
Western Cordillera of southern and Chile; northeastern Peruvian
central Andes of Peru (Sulca Amazon (Sulca et al. 2018)
et al. 2018)

4 latW Index of longitudinal SPCZ Northern South America north of 3°S; Eastern part of central Brazil; eastern

displacement (Vincent et al. 2011) Ecuador, southern Peru, Bolivian slope of the central Andes of Peru
Altiplano, northern Chile, and (Sulca et al. 2018)
northern Paraguay; central and
northern coast of Peru, Western
Cordillera of southern Peru, and
Bolivian Altiplano (Sulca et al. 2018)

S ITCZC Index of latitudinal ITCZ displacement Westernmost part of central equatorial Northern Chile, Paraguay,

over central Pacific (Sulca et al. 2018) ~ Amazon basin and easternmost southwestern Brazil, and along the
equatorial Amazon basin. The northern coast of Brazil (Sulca
northern and central coast of Peru et al. 2018)
and the Ecuadorian Amazon basin
(Sulca et al. 2018)

6 ITCZE Index of latitudinal ITCZ displacement Northern Chile, northwestern Northern coast of Peru and southern
over eastern Pacific (Sulca Argentina, and northern coast of coast of Ecuador, northern Andes of
et al. 2018) Brazil (Sulca et al. 2018) Peru, northern Chilean Andes,

northeastern Argentina, Uruguay,
and southernmost Brazil; southern
Andes of Ecuador; northern
Peruvian Amazon (Sulca et al. 2018)

7 ATL  Index of tropical Atlantic SSTA Amazon River basin (Enfield 1996; Northeastern Amazon basin; northern
(80°W-10°E, 40°S-30°N; Vuille Misra 2004) coast of Northeast Brazil, and
et al. 2000) Uruguay (Enfield 1996; Misra 2004)

8 SACZ Index of convection over southern Equatorial Amazon basin and SESA and southernmost part of

South America (65°-30°W, 40°S-0°;
Barros et al. 2000)

equatorial Atlantic (Barreiro
et al. 2002)

Northeast Brazil (Barreiro
et al. 2002)

Montini et al. 2019). The SALLJ is located along the eastern
slope of the Andes mountains between the surface and
700 hPa. The primary role of the SALLJ is the transport of
warm and humid air from the Amazon basin toward
southeastern South America (SESA). In addition, several
studies found that the tropical convective regions (ITCZ
and SPCZ) and Pacific SST can modulate the austral sum-
mer precipitation in the tropical Andes through equatorial
and complex coupled waves (Chen et al. 1999; Sulca
et al. 2018).

Here, we develop an ESD model that considers all of the
abovementioned large-scale forcings as potential predictors
for austral summer precipitation. The indices that we use to
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characterize these forcings are discussed below and are
summarized in Table 1.

3. Data

To apply the ESD model on DJF rainfall over South
America, we used daily gridded precipitation data from
the CPC Global Unified Gauge-Based Analysis of Daily
Precipitation (CPC_UNTI; Chen et al. 2008). The CPC_UNI
dataset presents a horizontal resolution of 0.5° X 0.5° and
covers the 1979-2016 period. For Peru, we used the monthly
gridded precipitation dataset called the Peruvian Interpolated
Data of SENAMHI’s Climatological and Hydrological
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Observations (PISCO-SENAMHI), version 1.0 (Lavado et al.
2016). PISCO, version 1.0, has a horizontal resolution of
0.05° X 0.05° and covers the 1981-2016 period. PISCO data are
based on the rain gauge network of the SENAMHI. We also
considered the last version of the PISCO dataset (version 2.1;
Aybar et al. 2019), which is based on different interpolation
technique and coarser horizontal resolution (10 km X 10 km).
To compare PISCO datasets, we performed a bilinear inter-
polation to the version 1.0 from 5 km X 5Skm to 10km X 10 km
of horizontal resolution.

To analyze the relationship between the DJF large-scale
atmospheric circulation and DJF precipitation anomalies
over South America, we used ERA-Interim reanalysis from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) (Dee et al. 2011). The ERA-Interim reanalysis
presents a resolution of 0.75° X 0.75° and covers the 1979-
2016 period. We focused on horizontal wind and geopotential
height at 200 hPa. To quantify the linear relationship between
precipitation and zonal wind anomalies over the MB at
200 hPa for the 1982-2016 period, we defined a 200-hPa zonal
wind index (U200) as the average of mean DJF 200-hPa zonal
wind inside the following box: 73.5°-76.75°W, 9.75°-14.25°S.

Below we briefly summarize the different indices used as
large-scale forcing predictors of austral summer precipitation
in our ESD model. More detailed information on these pre-
dictors can be found in Table 1.

To quantify the influence of DJF SST over the equatorial
Atlantic Ocean on SA precipitation, we used monthly HadISST
data (Rayner et al. 2003) at 1° X 1° for the period 1979-2016. We
use the first rotated principal component (PC) of Atlantic SST
anomalies in the region bounded by 80°W-10°E, 40°S-30°N
(Vuille et al. 2000) as an index for Atlantic forcing (hereinafter
referred to as ATL). The equatorial Atlantic SST has a positive
linear relationship with precipitation over the equatorial Atlantic
Ocean (Jauregui and Takahashi 2018).

To compute the convection index associated with the SACZ
during austral summer, we used monthly gridded outgoing long-
wave radiation (OLR) data from NOAA/NCEP (Liebmann and
Smith 1996). The OLR data present a spatial resolution of 2.5° X
2.5° for the period 1979-2016. We use the first PC of DJF OLR
anomalies over eastern Brazil inside the region 65°-30°W, 40°S—0°
(Barros et al. 2000) as an index for SACZ forcing (hereinafter
referred to as SACZ).

We use two ENSO-related indices (E and C) to characterize
the influence of El Nifio. Takahashi et al. (2011) first defined
these two orthogonal indices, which represent the variability of
tropical sea surface temperature in the central and eastern
equatorial Pacific (C and E, respectively). Large-scale climate
anomalies associated with C and E episodes have been docu-
mented through atmospheric teleconnections, with significant
impacts on precipitation in the Pacific Ocean and South
America during austral summer (Sulca et al. 2018). Both C and
E indices are available from the Instituto Geofisico del Pert
(IGP) (http://www.met.igp.gob.pe/datos/EC.txt).

Variability related to convective activity over the SPCZ and
ITCZ domains was analyzed by using four indices, referred to
as the latW and latE indices over the SPCZ region and ITCZc
and ITCZe indices over the Pacific ITCZ domain. LatW
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describes the longitudinal east-west displacement of the SPCZ,
and latE is an index characterizing its latitudinal (north-south)
displacement. The latitudinal (north-south) movement of the
central portion of the Pacific ITCZ is measured by the ITCZc
index, and the same displacement of the ITCZ over the eastern
Pacific is tracked by the index ITCZe. All four indices were first
defined in Sulca et al. (2018) and are known to significantly affect
austral summer precipitation over Peru. All analyses are based
on seasonal anomalies, with the climatological DJF (1982-2011)
values being subtracted from the diagnostic fields of each indi-
vidual DJF value (Wilks 2011).

4. ESD model architecture

Our empirical-statistical downscaling model is defined as
the linear combination of the tropical Pacific Ocean SST,
tropical Pacific convection, Atlantic SST, and SACZ forcings.
We used the function fitlm in MATLAB that computes the
linear-multiple-regression model (DuMouchel and O’Brien
1989) based on iterative reweighted least squares (Beaton and
Tukey 1974).

The equation of the ESD model is

8
Yijoy = Z‘l a(i.jﬁn)X(n.r) Ty (€]

where X(;) = {E, C, latE, 1atW, ITCZc, ITCZe, ATL, SACZ},
(i) Tepresents the target variable (the predictand) that varies
with time #; X, , represents the time series of eight predictors,
and a;j,,) represent the least squares regression parameters
(intercept of the ESD model and slope of each predictor, re-
spectively). The local regression parameters («; and a;) are
estimated by minimizing the model error £ ,). The subscripts
i and j represent longitude and latitude, respectively. Here,
the calibration period is 1982-2006 and the validation period
is 2007-16.

The statistical significance of the ESD model was assessed
using the version of the Student’s 7 test for iterative re-
weighted least squares regression (Beaton and Tukey
1974). However, since the sample size is small (35 summers)
and the few extreme El Nifio events (Takahashi et al. 2011)
can lead to an overestimation of the significance in some
areas of SA, the information from the significance test
was used mainly to guide our focus on specific regions of
interest.

We also examined the physical mechanisms to establish
whether the observed statistical relationship is dynamically
plausible. The statistical significance at the 90% confidence
level of the regression coefficients is provided by the regress
function in MATLAB (Chatterjee and Hadi 1986). To quantify
the performance of the ESD model, we computed the root-
mean-square error (RMSE) for each grid point for the 2007—
16 period.

Florax and Folmer (1992) pointed out that spatial distribu-
tion of precipitation is a source of uncertainty in statistical
precipitation models at the local scale. Sangati and Borga
(2009) highlighted this problem as the main source of uncer-
tainty in local-scale hydrological modeling. Hence, the ESD
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TABLE 2. List of experiments applied in this study.

Expt Predictors included Design motivation
Exp-1 E and C Are ENSO predictors (E and C) sufficient to estimate the DJF precipitation
patterns over South America?
Exp-2 latE, 1atW, ITCZc, and ITCZe Do indices of Pacific convective regions (SPCZ and ITCZ) outperform ENSO
indices as predictors for DJF precipitation over South America?
Exp-3 ATL and SACZ How do Atlantic SST and SACZ forcings compare with Pacific convective region
and ENSO indices in estimating DJF precipitation over South America?
Exp-4 C,E,latE, latW, ITCZc, ITCZe, What is the contribution of SACZ forcing to DJF precipitation over South
and ATL America?
Exp-5 C,E,latE, latW, ITCZc, ITCZe, What is the contribution of tropical Atlantic SST to DJF precipitation over
and SACZ South America?
Exp-6 ITCZc, ITCZe, ATL, How well do the joint ITCZ, SACZ, and Atlantic SST forcing predict DJF
and SACZ precipitation over South America?
Exp-7 E, C,and ATL Are SST indices from the tropical Pacific and Atlantic sufficient to reproduce
DIJF precipitation over South America?
Exp-8 (ESD) E, C,l1atW, latE,ITCZe,ITCZc, To what extent can the combination of all forcings predict DJF precipitation

ATL, and SACZ

over South America?

model also varies in space, which we investigate further using
the Mantaro basin as a case study.

Several previous studies also found spatial variations using
several types of linear-regression models (Florax and Folmer
1992; Diack 1999; Jiang et al. 2019; Sharifi et al. 2019). For
instance, Florax and Folmer (1992) defined a weight function
to compute linear-spatial-regression models [Eq. (2)]. They
consider the following general solution for the linear-
regression model for spatial cross sections r (=1, 2, ..., R):

a) DJF: REG(SACZ & Prec)

-1.4

Y, ={Wy +XB +WX*p+e--, )

where ¢ = AWe + u,y, is the target variable (R X 1), W represents
the spatial weights matrix (R X R), X is the matrix of nonstochastic
regressor (R X k), X* represents the matrix of explanatory vari-
ables with the constant term deleted [R X (k — 1)], { represents the
autocorrelation coefficient, B represents the vector of coefficients
of the nonweighted independent variables (k X 1), p represents
the [(k — 1) X 1] vector of cross-correlation coefficients, A is the

b) DJF: REG(SACZ & WIND200;

hgt)
20N
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FIG. 3. Regression between standardized SACZ time series and (a) DJF precipitation (mm day~ ') anomalies and
(b) anomalous wind (ms™') and geopotential height (m) over South America at 200 hPa. Black vectors are sta-
tistically significant at the 90% confidence level. Black contours represent significant regression between SACZ
index and precipitation at the 90% confidence level. The contour interval of geopotential height anomalies is 30 m.
Brown shading represent the topography of the Andes. The analysis is based on the 1982-2016 period. ERA-
Interim and CPC_UNI datasets were used in this analysis.
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FIG. 4. Correlation between precipitation (mm day ') anomalies over the central Andes of Peru and (a),(c) the
index of 200-hPa zonal wind (U200; ms™") and (b),(d) SACZ (W m™2) during the austral summer (DJF) for the
19822016 period. Dotted circles and hatching represent statistically significant correlations at the 95% confidence
level. Rain gauge stations used in the PISCO v1.0 dataset were used in this analysis.
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FIG. 5. Red areas represent regions within (a) South America and (b) Peru where the F test indicates that the ESD model is statistically
significant at the 90% level for the 1982-2006 period. (c) Black circles represent rain gauge stations in and around the MB where an F
test indicates statistical significance of the ESD model at the 90% level for the 1982-2006 period. Yellow circles indicate stations where
the ESD model is not significant at the 90% level. The black line represents the boundary of the MB. CPC_UNI [in (a)] and PISCO v1.0
[in (b)] datasets were used in this analysis. Rainfall stations from the PISCO v1.0 dataset [in (c)] were used in this analysis.

coefficient of the autoregressive error term, and u is a vector of
random errors with E(n) = 0 and E(p - p') = ‘7,2u|~

Moreover, Florax and Folmer (1992) and Sharifi et al. (2019)
pointed out that an aleatory criterion of the users can define the
weight function W. For instance, Jiang et al. (2019) defined
their weight function as a linear-regression model of local pa-
rameters, such as elevation, slope, and land use. Sharifi et al.
(2019), on the other hand, used the function weight generated
by the same artificial neural network. In this study, the weight
function for the DJF precipitation anomalies over the central
Peruvian Andes is the pattern of correlation between precipi-
tation and zonal wind at 200 hPa.

To analyze the contribution of each forcing in the ESD
model to estimate DJF precipitation and the regional atmo-
spheric circulation anomalies over SA, we performed eight
different experiments. These different model experiments al-
low us to isolate the contribution of specific forcings such as the
role of the tropical Pacific or Atlantic Ocean. The different
forcing combinations used in our experiments are listed in
Table 2. Last, we used the El Nifio 2015/16 as a case study to
highlight the role of all forcings in contributing to the anomaly
patterns of precipitation and upper-level regional atmospheric
circulation over SA in the ESD model during this event.

5. Results and discussion

a. Impacts of the SACZ on precipitation and upper-level
regional atmospheric circulation over South America
during austral summer

Figure 3a shows the influence exerted by the SACZ on DJF
precipitation through regression analysis. A significant reduction
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in precipitation is apparent over northern Venezuela, the central
and eastern equatorial Amazon basin, and the tropical Andes
(Colombia, Ecuador, Peru, and northern Bolivia) while a sta-
tistically significant increase can be observed over central and
northern Argentina and SESA (Uruguay, Paraguay, and
southernmost Brazil). The pattern of DJF precipitation anom-
alies is consistent with the predominance of upper-level westerly
wind anomalies over entire SA north of 20°S, an upper-level
Kelvin wave response over the equatorial Atlantic Ocean, and
an upper-level anticyclonic anomaly over SESA (Fig. 3b). These
results are consistent with previous modeling studies regarding
the impact of the SACZ on DJF precipitation anomalies over
SA, which also show a weakening of the BH-NL system and the
development of an upper-level anomalous anticyclonic circula-
tion over SESA during the austral summer (Chen et al. 1999;
Barros et al. 2000; Barreiro et al. 2002).

b. Relationship between SACZ and zonal wind at 200 hPa
with precipitation over the Mantaro basin during the
austral summer

Figures 4a and 4c show the correlation between 200 hPa
zonal wind (U200) anomalies and precipitation P (e.g., rainfall
gauge stations and PISCO v1.0 datasets) over the Mantaro
basin during austral summer for the 1982-2016 period. Figure 4a
displays that P-U200 correlations are lower than —0.4 (p < 0.1)
over the highland regions of the MB and the western Mantaro
valley but the correlations are lower than —0.6 (p < 0.1) over the
southern MB, eastern Mantaro valley, and the Western Cordillera
of the central Andes of Peru. This P-U200 correlation pattern is
mirrored by the PISCO v1.0 data (Fig. 4c). Figure 4c portrays that
the P-U200 correlations present negative values lower than —0.6



JANUARY 2021 SULCA ET AL. 73

a) CORR(OBS,ESD) SA b) RMSE(in %) SA
Jon i ok - /"
B & N .
S S o0 12 LB -
10S 1 @ i a :‘ ,“‘;‘-—isl .
2054 - = '.; -‘.5..
3081 SR P J
g
ms.
5051 . - S
80W 70W 60W 50W 40W 30W 80W 70W 60W S0W 40W 30W
c¢) CORR(OBS,ESD) PERU d) RMSE(in %) PERU
EQ4 - 7 T EQ
35S 354
65+ 65+
95+ 95+
1251 125+
1551 155+
1851 > 185+
80W 78W T6W 74W 72W  70W 80W 78W T6W 74W 72W  70W
e) CORR(0OBS,ESD) MB f) RMSE(in %) MB

0.3

FI1G. 6. Correlation between observed and estimated DJF precipitation anomalies over (a) South America,
(c) Peru, and (e) MB, and the RMSE between observed and ESD-estimated DJF precipitation anomalies (%)
over (b) South America, (d) Peru, and (f) MB. Hatching represents statistically significant correlations at the
90% confidence level. CPC_UNI [in (a) and (b)] and PISCO v1.0 [in (c)—(f)] datasets were used in this analysis.
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TABLE 3. List of averaged squared correlation * and averaged
RMSE (%) inside the limits of the MB for all experiments per-
formed in this study. The validation period is 2007-16.

Expt Avg ? Avg RMSE (%)
Exp-1 0.16 22.58
Exp-2 0.14 29.65
Exp-3 0.31 21.28
Exp-4 0.16 33.18
Exp-5 0.18 33.89
Exp-6 0.18 28.01
Exp-7 0.16 23.97
ESD (Exp-8) 0.18 34.4

over the entire MB and along the Western Cordillera of the
central Peruvian Andes. However, the western part of the central
MB does not present statistically significant correlations where
there are no rain gauge stations, while the correlations over the
eastern part of the southern MB are statistically significant. These
results support previous studies about the relationship between
200-hPa zonal wind and precipitation over the central Peruvian
Andes (Sulca et al. 2016) and even in the Altiplano region farther
south (e.g., Minvielle and Garreaud 2011). These same results are
also consistent with the notion that this negative linear relation-
ship between U200 and P still prevails to the north of the MB,
such as over the Cordillera Blanca (Vuille et al. 2008). This neg-
ative linear relationship also has potential to contribute to the

a) CORR(OBS,ESD)

VOLUME 60

development of ESD models for precipitation over the central
Peruvian Andes, as was done over the Altiplano region (e.g.,
Minvielle and Garreaud 2011).

The results of the correlation between SACZ and DIJF
precipitation anomalies in rain gauge stations and the PISCO
v1.0 dataset within the Mantaro basin for the 1982-2016 period
are shown in Figs. 4b and 4d, respectively. Figure 4b displays
the predominance of negative correlations over the entire
central Peruvian Andes (<—0.2) in rain gauge stations, but
only along the Western Cordillera of the central Andes of Peru
are they significant. The DJF SACZ-P correlation pattern is
mirrored in the PISCO v1.0 dataset (Fig. 4d). However, the
negative correlations are only statistically significant over
the central part of the MB and along the Western Cordillera
of the central Andes of Peru, consistent with the results from
rain gauge stations located south of 14.2°S and along the
Western Cordillera of the central Peruvian Andes. All these
results suggest that the SACZ may be able to modulate the
intensity of the mean DJF precipitation over the entire
central Peruvian Andes. Still, the relationship is only sig-
nificant south of the MB and over the Western Cordillera
of the central Peruvian Andes.

c. Validation of the ESD model

The results of the significance test (F test) of the ESD model
for the DJF precipitation anomalies over SA and Peru for the
1982-2006 period are shown in Fig. 5. Figure 5a shows that the
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FIG. 7. Correlation between observed and estimated DJF precipitation anomalies for the (a) ESD, (b) Exp-1, (c) Exp-2, (d) Exp-3,
(e) Exp-4, (f) Exp-5, (g) Exp-6, and (h) Exp-7 models. The analysis is based on the 2007-16 period. CPC_UNI precipitation was used in this
analysis. Hatching indicates statistically significant correlations at the 90% confidence level.
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Dotted circles represent statistically significant correlation at the 90% confidence level. Rain gauge stations from
PISCO v1.0 dataset were used in this analysis. The analysis is based on the 2007-16 period.

ESD model is statistically significant in a few regions of SA, such
as the central and eastern equatorial Amazon basin, the tropical
Andes (Colombia, Ecuador, Peru, and northern Bolivia), the
coast of northern Peru and Ecuador, and the central part of the
western Argentinian Andes. Over Peru the ESD model has
significant explanatory power along the Western Cordillera of
the tropical Andes, the coast of northern Peru, the coasts and
central Andes of Ecuador, and the Peruvian Amazon around
4.2°S,73.6°W (Fig. 5b). Finally, Fig. 5b also shows that the ESD
model only estimates the precipitation anomalies accurately
over the southeastern MB and along the Western Cordillera of
the central Peruvian Andes. The significance field of the full
ESD model with the gridded PISCO data is consistent with the
results obtained when repeating the analysis with rain gauge
data (Fig. 5c). Hence, the ESD model cannot faithfully estimate
DIJF precipitation over the entire MB, likely due to the lack
of rain gauge stations.

To validate the performance of our ESD model, we per-
formed a correlation analysis between observed and estimated
DJF precipitation anomalies over SA, Peru, and the MB for
the 2007-16 period (Fig. 6). Figure 6a highlights the predom-
inance of statistically significant positive correlations, higher
than 0.6, over the central and eastern equatorial Amazon basin,
parts of the Colombian and Ecuadorian Andes, and the central
part of the eastern Argentinian Andes. Similar results are

Brought to you by SUNY ALBANY LIBR SB23 | Unauthenticated | Downloaded 01/15/21 12:34 AM UTC

observed for all experiments, except Exp-2 (Table 3), which
does not present significant correlations (Fig. 7).

Figure 6¢ shows that the entire tropical Andes (Ecuador,
Peru, and northern Bolivia) and the central Peruvian Amazon
present statistically significant positive correlations, which are
higher than 0.5 (p < 0.1), in the PISCO v1.0 dataset. This
correlation pattern resembles the results from the significance
test for the ESD model over Peru, except along the northern
coast of Peru, the coast of Ecuador, and the Peruvian Altiplano
(Fig. 6a). Hence these results indicate that the ESD model
predicts DJF precipitation adequately along the entire tropical
Andes (Ecuador, Peru, and northern Bolivia).

At the local scale, Fig. 6e indicates statistically significant
positive correlations along the Western Cordillera of the cen-
tral Peruvian Andes. This correlation pattern is consistent with
the correlation between observed and estimated DJF precipi-
tation anomalies when using all rain gauge stations over the
MB (Fig. 8a). Figure 8a indicates the presence of positive
correlations (>0.6) over the southern and central parts of the
Western Cordillera of the central Peruvian Andes, and even
over the southwestern Peruvian Amazon basin. More inter-
estingly, this correlation pattern is similar to the results ob-
tained from the F test when applied to the ESD model and the
SACZ-P correlation over the MB. Hence, all these results
suggest that the ESD model cannot improve the prediction of
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FIG. 9. Correlation between observed and estimated DJF precipitation anomalies for (a) ESD, (b) Exp-4, and (c) Exp-2. The analysis is
based on the 2007-16 period. The PISCO v1.0 dataset was used in this analysis. Hatching indicates statistically significant correlations at

the 90% confidence level.

DIJF precipitation over the MB due to a lack of rain gauge sta-
tions that cover its entire area. Conversely, the ESD model can
predict the DJF precipitation along the Western Cordillera of
the central Peruvian Andes. Although this correlation pattern is
also observed for the Exp-2 and Exp-4 models, both these ex-
periments present correlations that are lower than 0.6 over the
southern and central parts of the MB, and they are not capable
of correctly estimating the sign of the DJF precipitation anom-
alies (Fig. 9). Since Exp-2 and Exp-4 present slightly lower
correlations over entire MB than in the ESD model, we chose
to focus only on the ESD model in the remaining analyses.

d. Limitations of the ESD model

The results in section Sc highlighted several limitations of
the ESD model. For one, the lack of long observational time
series and the sparse observational network over several re-
gions of complex topography, such as tropical Andes, limit the
ability to properly train the ESD model over a dense network
of stations consisting of long records.

Second, Fig. 5a shows weak and even negative correlations
over the rest of SA, such as the western and central parts of the
Amazon basin and eastern Brazil, suggesting that other factors
besides the ones included in our model, influence DJF pre-
cipitation. Indeed, Misra et al. (2002), who used regional cli-
mate simulations to understand the moisture budget over
entire SA, pointed out that moisture flux convergence deter-
mines most of the interannual variability of DJF precipitation
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over the Amazon basin, the Atlantic intertropical convergence
zone, and northeastern Brazil. Moreover, Misra et al. (2002)
found that surface evaporation and surface flux convergence
play a critical role in determining interannual variability of
DIJF precipitation over the southern Pampas, the Gran Chaco
area, and the SACZ. However, we do not analyze these aspects
here as they are beyond the scope of the present study.

Third, deficiencies of the ESD model in estimating DJF
precipitation along the coast of northern Peru and Ecuador,
over the eastern slope of the Peruvian Andes, and southern
Peru are apparent (Fig. 5b). The deficiency along the coast of
northern Peru and Ecuador is likely due to the lack of local
forcings in the model that can play a critical role during coastal
El Nifio episodes (Echevin et al. 2018; Takahashi and Martinez
2019; Hu et al. 2019; Rodriguez-Morata et al. 2019). The lack of
significance to the east of the Peruvian Andes, such as the
Peruvian Amazon, may reflect the lack of rain gauge stations
(e.g., Lavado et al. 2016). Fourth, Fig. 5c suggests that lack of
rain gauge stations in the current version of the PISCO dataset
presents a limitation for the development of spatially distrib-
uted multiple-regression models to estimate the DJF precipi-
tation over the Mantaro basin.

e. RMSE analysis of the ESD model

The results of the RMSE analysis of the ESD model are
shown in Figs. 6b, 6d, and 6f. Figure 6b displays the predomi-
nance of a RMSE higher than 50% over entire SA, but the
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mated by the ESD model (black solid line), Exp-1 (black dotted
line), Exp-2 (black dash-dotted line), and Exp-3 (black plus sign).

maximum RMSE is observed over the northern Chilean Andes,
southern Argentina, and northern Venezuela (>100%). All
these results show that the ESD model overestimates the in-
tensity of the observed DJF precipitation over entire SA. For
Peru, Fig. 6d shows that the coast of northern Peru, the Western
Cordillera of the Peruvian Andes, and the Peruvian Amazon
present a positive RMSE of less than 10%. Over the MB,
the RMSE is below 10% on its western side, the central part of
the northern MB, the western side of the MB, and along the
Western Cordillera of the central Andes of Peru (Fig. 6f). This
latter pattern is mirrored in the RMSE of the rain gauge stations
in and around the MB, with positive RMSE values lower than
50% over the entire MB (Fig. 8b). In comparison, the RMSE in
Western Cordillera of the central Peruvian Andes is around
50%, except for its western side, where the values are between
50% and 100%.

An additional statistical analysis contrasts the squared cor-
relation * and RMSE averaged within the limits of the
Mantaro basin. Table 3 displays that the ESD model presents
an averaged 7* of 0.18, while the rest of the experiments show
averaged r” values that vary between 0.14 and 0.31. The aver-
aged RMSE of the ESD model is 34.4%, while the rest of the
experiments present an averaged RMSE lower than 30%
(Table 3). Even though the ESD model shows only an inter-
mediate averaged 2, and the highest averaged RMSE, the
ESD model performs well when estimating precipitation
anomalies over the entire central Peruvian Andes, in contrast
to Exp1-7 (figures not shown).

f- Estimation of DJF 200 hPa zonal wind and precipitation
anomalies over the MB

Figure 10 shows the interannual variability of the observed
and estimated (ESD model, Exp-1, Exp-2, and Exp-3) time
series of the spatially averaged mean DJF U200 index inside
the following box: 73.5°-76.75°W, 9.75°-14.25°S. The ESD
model simulates the interannual variability of observed DJF
U200 reasonably well (r = 0.72; p < 0.05), while the other
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FIG. 11. Time series of the DJF precipitation anomaly index
(mm day~'; 1982-2016) for observations (blue line) and estimated
by the ESD model (black solid line), Exp-1 (black dotted line),
Exp-2 (black dash—dotted line), and Exp-3 (black plus sign). OBS
represents the observed DJF precipitation anomaly index. U200
represents the observed DJF zonal wind anomaly index. The term
CORR indicates Pearson correlation.

experiments result in correlations of r < 0.66. The latter is a
further indication that the ENSO signal is an essential modu-
lator of the upper-level zonal wind over South America (Chen
et al. 1999).

Figure 10 further indicates that the maximum observed DJF
U200 westerly wind anomalies (>+5ms™") occur in 1982/83,
1987/88, 1989/90, 1991/92, and 2015/16. Conversely, the maxi-
mum easterly wind anomalies (<—3ms™!) were registered in
1999/2000, 2000/01, 2007/08, and 2010/11. The years 2000/01
and 2007/08 coincided with strong La Nifia episodes. Figure 10
also displays that the ESD model, Exp-1, Exp-2, and Exp-3 all
underestimate the observed intensity of DJF U200, as can be
expected from linear-regression models.

The interannual variability of the observed and estimated
(ESD model, Exp-1, Exp-2, and Exp-3) time series of mean
DIJF precipitation (spatially averaged inside the box covering
77.5°-73.5°W, 9.75°-14.25°S) is shown in Fig. 11. The ESD
model simulates the interannual variability of observed DJF
precipitation reasonably well (r = 0.58; p < 0.05), while the
other experiments result in correlations of » < 0.45. Figure 11
also shows that the precipitation estimated by the ESD model
has the highest negative correlation with observed DJF U200
(r = —0.69; p < 0.05), while the other experiments present
correlations lower than —0.65. These results indicate that the
ESD model represents the best option out of the eight ex-
periments for estimating DJF precipitation over the central
Peruvian Andes.

g. Estimating precipitation and large-scale atmospheric
circulation anomalies over South America during austral
summers associated with extreme El Niiio episodes

The observed and estimated DJF precipitation anomalies
over South America and the Mantaro basin during the three



78 JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY VOLUME 60
SOUTH AMERICA
o) 0BS - DJF 82/83 b) 0BS - DJF 97/98 c) OBS — DJF 15/16
. R I’ . . ,‘ B e .
10N 1 10N - 10N - :
EQ- EQ- EQ
/) 41‘ A |
10s{ \* W) 10s{ \ 10S-
Sl ¢
20S 1 \ 0 ﬁ. 20S ) - 20S -
30S - U 30S - 30S
= o
40S 40S 40S
50S - 50S - 508
- - “q -
80W 70W 60W 50W 40W 30W 80W 70W 60W 50W 40W 30W 80W 70W 60W 50W 40W 30W
d) ESD - DJF 82/83 e) ESD - DJF 97/98 f) ESD - DJF 15/16
: ... 1 : ... 1 [ : i I
10N+ "" 10N - “" 10N - ~
EQ- EQ- EQ
ra, o / ’
A .
10s{ \"* A 10s{ \ . ‘ 10S -
RS 9 =
20S 1 ! ¢ #‘- 20S 1 N . 20S 1
30S - . 30S - 30S -
40S - 40S 40S
50S - 508 - 508 ¥
80W 70W 60W 50W 40W 30W 80W 70W 60W 50W 40W 30W 80W 70W 60W 50W 40W 30W
| | | | | | | [mm day]
-8 -7 -6 -5 -4 -3 -2 -1-0505 1 2 3 4 5 6 7 8

FIG. 12. DJF precipitation anomalies (mm day ') over South America for the three extreme El Nifio episodes: (left) 1982/83, (center)
1997/98, and (right) 2015/16 (a)—(c) in the observed dataset and (d)—(f) estimated by the ESD model. The CPC_UNI dataset was used in

this analysis.

extreme El Nifio episodes 1982/83, 1997/98, and 2015/16 are
shown in Figs. 12 and 13, respectively. Figure 12a shows that DJF
1982/83 was characterized by wet anomalies along the coasts of
northern Peru and southern Ecuador, central-eastern Brazil, and
SESA (e.g., central and northern Argentina, Paraguay, and
Uruguay), while dry anomalies were observed over the entire
equatorial Amazon. This precipitation pattern is well reproduced
by the ESD model, even though it slightly overestimates rainfall
over Paraguay and the northernmost part of Northeast Brazil
(Fig. 12d). Figure 13a shows that the entire Mantaro basin was
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dry, except along its northeastern boundary. The ESD model
reproduces this pattern very well, although DJF precipitation is
slightly (less than —0.5 mm day ") overestimated (Fig. 13d).

In DJF 1997/98 wet anomalies occurred along the coasts of
northern Peru, Ecuador, and SESA (e.g., northernmost Argentina
and Uruguay), while dry anomalies prevailed over the entire
equatorial and western Amazon basin (Fig. 12b). As shown in
Fig. 12e, this precipitation pattern is quite accurately reproduced
by the ESD model, even though it computes wet anomalies over
the southeastern Amazon basin and overestimates the intensity
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FIG. 13. As in Fig. 12, but over the MB. The PISCO v1.0 dataset was used in this analysis.

of the dry anomalies over the eastern part of Northeast Brazil.
These latter results agree with the lack of skill of the ESD model
over the southern Amazon basin and northeastern Brazil. Most
of the Mantaro basin was anomalously wet in DJF 1997-98
(Fig. 13b), which is very well reproduced by the ESD model
in terms of the spatial pattern (Fig. 13e).

In DJF 2015/16, rainfall was above average over northeastern
Brazil and SESA (central and northern Argentina, Paraguay,
Uruguay, and southernmost Brazil), while dry anomalies pre-
vailed over the equatorial and western Amazon basin, and
central Brazil (Fig. 12c). Figure 12f shows the predominance of
model-estimated negative precipitation anomalies over the
central and eastern equatorial Amazon basin while positive
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precipitation anomalies prevail over central and northern
Argentina, SESA, Paraguay, and eastern Brazil. In general, the
model overestimates the amplitude of both positive and neg-
ative precipitation anomalies. The Mantaro basin presents dry
anomalies, except over the central and southernmost part of
the MB, where weak wet anomalies (<0.5 mmday ') domi-
nate (Fig. 13c). The largest dry anomalies are found along the
Western Cordillera of the central Andes of Peru. Figure 13f
illustrates that the ESD model reproduces the observed pat-
tern of DJF precipitation anomalies over the entire MB well,
but it overestimates the observed intensity of the wet and dry
anomalies. Note here that the 2015/16 event provides a more
stringent test for the model, because this event falls into the
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FIG. 14. DJF precipitation anomalies (mm day ') over the MB for the three extreme El Nifio episodes: (left) 1982/83, (center) 1997/98,
and (right) 2015/16 in (a)—(c) PISCO v2.1 and (d)—(f) PISCO v1.0. The PISCO v2.1 presents a horizontal resolution of 10 km. The PISCO

v1.0 data were interpolated to 10 km.

validation period whereas the other two events (1982/83 and
1997/98) form part of the calibration dataset.

We repeated the same analysis using versions 1.0 and 2.1 of
the PISCO data that have the same horizontal resolution of
10km (Figs. 14 and 15). Figure 14 shows that both versions 1.0
and 2.1 of PISCO data present a similar pattern of DJF pre-
cipitation, although the PISCO v2.1 data show a positive pre-
cipitation bias in the ESD model over the northern part of the
western Peruvian Cordillera in all three El Nifio episodes
(Figs. 15a—c).

The dry anomalies seen during El Nifio events over the
eastern equatorial Amazon (Fig. 16b) are caused by the in-
teraction between an upper-level anomalous anticyclonic cir-
culation and an upper-level Kelvin wave response associated
with the southward displacement of the SACZ and the deep
convection over the tropical Atlantic Ocean, respectively. This
latter aspect is confirmed by the comparison of experiments
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Exp-2 (Figs. 16c,d) and ESD (Figs. 16e.f), which shows that the
combination of the ENSO forcing, the SACZ forcing, and the
Atlantic Ocean forcing creates the dry anomalies over the eastern
equatorial Amazon basin in the ESD model (Figs. 16e,f), but not
the dry anomalies over the Mantaro basin. Hence, the ENSO
forcing is insufficient to fully explain the extreme 2015/16 dry
anomalies over the eastern equatorial Amazon on its own (Antico
and Diaz 2019), although climatologically dry anomalies as such
are significant consequences of El Niflo events (Dong et al. 2018).
This study thereby confirms results by Jiménez-Muiioz et al.
(2016) and Erfanian et al. (2017), who suggested that the two El
Nifio episodes in 1982/83 and 1997/98 caused the equatorial
Amazon drought through the eastward displacement of the
Walker circulation, while this latter mechanism cannot produce
the equatorial Amazon drought observed during the extreme El
Nifio 2015/16. Moreover, Jiménez-Muiioz et al. (2021) recently
found that neither ENSO forcing nor the anomalously warm
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ESTIMATED PRECIPITATION — EXTREME EL NINO
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FIG. 15. As in Fig. 14, but estimated by the ESD model.

North Pacific Ocean can account for a complete description
of the 2016 drought.

6. Conclusions

The main objective of this study was to provide an
empirical-statistical downscaling model for precipitation
over South America, with a focus on the central Peruvian
Andes and the MB, using all forcings (C, E, latE, latW,
ITCZc, ITCZe, ATL, and SACZ) during austral summer
(December—February) for the 1982-2016 period.

The observed precipitation anomalies along the Western
Cordillera of the central Peruvian Andes and eastern boundary
of the MB present a statistically significant negative relationship
with the zonal wind anomalies at 200 hPa (r = —0.68; p < 0.05)
during austral summer on interannual time scales. This result
agrees with previous studies about the relationship between
upper-level zonal wind anomalies and precipitation in the cen-
tral Andes during austral summer on interannual time scales
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(Vuille and Keimig 2004; Minvielle and Garreaud 2011; Segura
et al. 2019) and even during the past millennium (Neukom
et al. 2015).

The observational rain gauge stations and gridded precipi-
tation (CPC_UNI and PISCO v1.0 datasets) products validate
the atmospheric teleconnection between the SACZ and DJF
precipitation over SA during austral summer, as was suggested
in previous numerical studies (Chen et al. 1999; Barros et al.
2000; Barreiro et al. 2002). For instance, positive SACZ
anomalies induce wet anomalies over central and northern
Argentina and SESA (Uruguay, Paraguay, and northeastern
Argentina) while dry anomalies result in Venezuela, the trop-
ical Andes (Colombia, Ecuador, Peru, and northern Bolivia) and
the equatorial Amazon basin during austral summer. Moreover,
positive SACZ anomalies induce dry anomalies over the eastern
boundary of the MB and along the Western Cordillera of the
central Peruvian Andes, which presents the maximum dry
anomalies. This anomalous DJF precipitation pattern over SA is
associated with a weakening of the entire BH-NL system, for
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FIG. 16. Anomaly fields of (a),(c),(e) 200-hPa wind (ms~') and geopotential height (m) and (b),(d),(f) precip-
itation (mm day ') over South America during the extreme El Nifio 2015/16 for (top) the observed fields, (middle)
Exp-2, and (bottom) the ESD model. Experiment-2 includes some convection forcings (ENSO, SPCZ, ITCZ, and
ATL). The ESD model includes all convection forcings (ENSO, SPCZ, ITCZ, ATL, and SACZ). ERA-Interim
reanalysis and CPC_UNI datasets were used in this analysis. The contour interval of the geopotential height
anomalies is 100 m. Brown shading represents the topographic elevation of the Andes.
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example, 200-hPa westerly wind anomalies dominate over all
of Peru, and an anticyclonic circulation is established over
SESA at upper-tropospheric levels.

The ESD model reproduces the spatial distribution of DJF
precipitation over South America quite well. The ESD model
performs well when estimating the dry anomalies over the
central and eastern equatorial Amazon and precipitation
anomalies over the MB during the three extreme El Nifio ep-
isodes (1982/83, 1997/98, and 2015/16). For instance, the ESD
model corroborates the hypothesis that the interaction be-
tween the SACZ and the tropical Atlantic Ocean may be the
main driver of the Amazon drought in 2015/16, in contrast to
Amazon droughts in 1982/83 and 1997/98 that were associated
with the eastward shift of the Pacific cell (Jiménez-Muiioz et al.
2016, 2021).

The addition of the equatorial Atlantic Ocean and SACZ
forcings in the ESD model improves the estimation of DJF
precipitation anomalies over the central Andes of Peru and the
Peruvian Amazon when compared with an ESD model that
only includes the ENSO forcing. The Pacific convective (SPCZ
and ITCZ) forcing appears to partially explain the dry anom-
alies along the Eastern Cordillera of the central Andes of Peru,
since the ESD models that only include ENSO, ATL, and
SACZ forcings as predictors cannot reproduce the observed
intensity of the dry anomalies over this region.

Despite these advances, the current study also documents
several limitations in the ESD model. The main limitation to train
and validate the ESD model is related to the lack of long obser-
vational time series, as well as the sparse observational network
over regions of complex topography (e.g., Mantaro basin).

The ESD model’s architecture presents deficiencies as well,
especially over regions where local forcings are important, such
as along the coasts of northern Peru and Ecuador. Here, the
ESD model lacks predictors that include information on
coastal SSTA to simulate the interaction of ocean and atmo-
sphere associated with the coastal El Nifio, which constitutes a
local-scale phenomenon (Takahashi and Martinez 2019; Peng
et al. 2019; Rodriguez-Morata et al. 2019). Similarly, over the
central and southern Amazon basin, the ESD model could be
further improved by including a predictor index of moisture
flux convergence, which controls the interannual variability of
precipitation over the central and southern Amazon basin
(Misra et al. 2002).
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